Attentional limits on perception and memory were measured by the decline in performance with increasing numbers of objects in a display. Multiple objects were presented to Ss who discriminated visual attributes. In a representative condition, 4 lines were briefly presented followed by a single line in 1 of the same locations. Ss were required to judge if the single line in the 2nd display was longer or shorter than the line in the corresponding location of the 1 st display. The length difference threshold was calculated as a function of the number of objects. The difference thresholds doubled when the number of objects was increased from 1 to 4. This effect was generalized in several ways, and nonattentional explanations were ruled out. Further analyses showed that the attentional processes must share information from at least 4 objects and can be described by a simple model.
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Attentional limits on perception and memory were measured by the decline in performance with increasing numbers of objects in a display. Multiple objects were presented to Ss who discriminated visual attributes. In a representative condition, 4 lines were briefly presented followed by a single line in 1 of the same locations. Ss were required to judge if the single line in the 2nd display was longer or shorter than the line in the corresponding location of the 1 st display. The length difference threshold was calculated as a function of the number of objects. The difference thresholds doubled when the number of objects was increased from 1 to 4. This effect was generalized in several ways, and nonattentional explanations were ruled out. Further analyses showed that the attentional processes must share information from at least 4 objects and can be described by a simple model.
A classic problem in the study of perception is determining how much is perceived and remembered from a brief presentation. In early studies, this problem was addressed by using the full report paradigm in which several letters were displayed and an observer was asked to report their identity (e.g., Lappin, 1967; Lappin & Ellis, 1970; Wolford & Hollingsworth, 1974 ; for a review of early work, see Woodworth & Schlosberg, 1964) . In more recent studies, the problem has been redefined to distinguish between different processing limitations on performance. For example, some studies have measured limits due to perception and not due to sensory processes such as lateral masking or response processes such as interference among multiple responses. Other studies have measured performance for visual information such as the size and shape of objects rather than linguistic information such as the identity of letters. Here, I narrow the problem further in two ways. The first is to measure limits on performance that explicitly depend on memory as well as perception. The second is to measure limits on performance that are under attentional control. In short, the question is how does attention limit perception and memory for the visual information in a brief presentation?
Memory limits on performance have been measured with the recognition paradigm (e.g., Eriksen & Lappin, 1967; Reicher, 1969) . In a prototype recognition experiment, an initial display of several objects is presented, followed by a second display with a single object in one of the same locations. The task is to compare the single object with the corresponding object in the first display. Limits on performance are indicated by set-size effects: the declining recognition of the single object with an increasing number of first-display objects. The paradigm introduces a memory requirement because any first-display object may be tested; thus, all firstdisplay objects must be remembered for good performance. Such an explicit memory requirement is not present in paradigms such as search and detection. Attentional limits on performance have been measured by using tasks that control nonattentional processes such as lateral masking (e.g., Davis, Kramer, & Graham, 1983; Grindley & Townsend, 1968) . Here, attention is defined by selectivity, that is, the ability to select one source of information rather than another. If a process is under attentional control, then instructions to an observer can be used to manipulate that process. By using this definition of attention, the set-size effect in recognition is attentional if instructions specifying relevant subsets of a display have the same effect as presenting only a subset of the display. In other words, an instruction to ignore two of four stimuli in the display should have the same effect as physically removing two stimuli from the display. Here, the attentional nature of the processes underlying the set-size effect will be evaluated by comparing effects of set size manipulated by display with effects of set size manipulated by instruction.
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Role of Memory
The first goal of this study is to measure performance limits due to memory as well as perception. The relative emphasis on memory is motivated by an interest in the integration of information across successive eye fixations. Such integration requires memory. Information from early fixations in a sequence must be remembered for the second or so that separates them from later fixations. ConseqUently, memory limits what percepts can be built from a sequence of fixations. If memory is imperfect, then the integrated percept must also have those imperfections. Next, I review recognition and alternative paradigms as possible models for the memory requirements of integrating across fixations.
Consider now previous recognition studies that measured set-size effects. Eriksen and Lappin (1967) measured set-size effects for recognizing nonsense forms. They briefly presented a sequence of two or four stimuli followed by a single stimulus. The observers had to judge if the single stimulus was the same as or different from one of two of the objects in the initial display. The two relevant stimuli were indicated by small visual markers. The percentage of correct recognition declined as the set size increased from two to four. This result was interpreted as indicating a limited capacity in either perception or memory. Reicher (1969) also measured the effect of set size in recognition. He briefly presented one or more letters to subjects and then tested memory for one of the letters by requiring a forced choice between two possible alternatives. Performance declined even for an increase in set size from one to two letters. Rock, Halpern, and Clayton (1972) found a similar effect for recognizing forms of increasing complexity. The forms were made up either of one part or of two parts in combination. Performance declined as the number of parts was increased from one to two. In all of these experiments, even small increases in set size reduced recognition performance. Thus, when memory was explicitly required, performance was always limited by set size.
In contrast to recognition, other paradigms minimize the effects of memory. Perhaps the most common is visual search (e.g., Eriksen & Spencer, 1969; Estes & Taylor, 1966) , wherein the observer must decide whether a prespecified target object is present in some display. Although search sometimes shows set-size effects, there exist conditions in which set size has little or no effect (e.g., Egeth, Jonides, & Wall, 1972; Schneider & Shiffrin, 1977; Sperling, Budiansky, Spivak, & Johnson, 1971; Teichner & Krebs, 1974; Treisman & Gelade, 1980) . This may be due to the minimum memory requirements of search. The need for memory is minimized because only the occurrence of a target must be remembered in the search task. Moreover, there is evidence that search does indeed bypass memory. The distractors in search are rarely remembered, particularly in the situations that produce small set-size effects (Brand, 1971; Gleitman & Jonides, 1976) . Other paradigms that minimize memory requirements also show some conditions in which set size has little effect.
Detection resembles search, with the exceptions that only a single object is presented and set size refers to the number of possible presentation locations (e.g., Davis et al., 1983) . Partial report resembles full report but with the report of only a subset of the display (e.g., Speding, 1960) . In summary, search, detection, and partial report minimize memory requirements and demonstrate conditions in which set size has little effect. Memory requirements may be the critical distinguishing feature between these tasks and recognition. Thus, the recognition paradigm is the preferred choice to measure performance that depends on memory as well as perception.
Role of Attention
The second goal of the present study is to measure performance limits due to processes that are under attentional control. Scene perception is limited by both attentional and nonattentional processes. For example, peripheral viewing (e.g., Aulhorn & Harms, 1972) and lateral masking (e.g., Kahneman, 1968) are almost certainly nonattentional, whereas controlling the direction of gaze or selecting items to rehearse are inherently attentional. The intent of this article is to separately measure the role of the attentional processes that act on brief presentations. Nonattentional processes are controlled to obtain a pure measure ofattentional effects.
As noted earlier, attentional processes are defined here by selectivity; that is, a process is under attentional control if one source of information can be selected over another. This distinction between selective and nonselective processes is similar to Broadbent's (1958) distinction between central and sensory processes. In the recognition paradigm, selectivity is indicated by a comparison between different kinds of set-size effects: Removal of half of a display should have the same effect as instructions that cue the relevant half of a display. Display and instruction manipulations are expected to produce the same effect if attentional processes underlie the display effect as well as the instruction effect.
This selectivity criterion has been tested several times in different paradigms and has been satisfied in some instances (e.g., Davis et al., 1983; Grindiey & Townsend, 1968) but not in others (e.g., Eriksen & Lappin, 1967; Eriksen & Rohrbaugh, 1970) . When the criterion was not satisfied, the instruction to ignore part of the display had an intermediate effect that was not as large as removing that part of the display. In these cases, it seems likely that nonattentional processes contributed to the set-size effects. For example, Eriksen and Rohrbaugh found that the criterion failed with closely spaced stimuli but was nearly met with widely spaced stimuli, suggesting that performance was also limited by nonattentional sensory processing such as lateral masking. In this study, I designed the displays to minimize limitations due to such nonattentional processing.
Although selectivity is certainly a necessary criterion for an attentional process, some authors argue for an additional criteria of limited-capacity processing. In particular, many authors distinguish performance limits that are due to perception and memory from performance limits that are due to decision. The need for this distinction arises because decision processes can mediate set-size effects in search and detection tasks (e.g., Graham, Kramer, & Yager, 1987; Kinchla, 1974; Shaw, 1982; Sperling & Dosher, 1986; Swets, 1984; and Tanner, 1955, as described in Swets, 1984) . These tasks have been analyzed as having two stages: perceptual and memory processes for each stimulus and a decision process in which information is integrated from all of the stimuli. Interestingly, even if the perceptual and memory processes show no effect of set size, the decision process produces an effect of set size. The effect is due to multiple stimuli creating more sources of noise that contribute to the decision process. The additional noise makes a higher response criterion necessary to maintain a given false alarm rate. Thus, an effect of set size occurs even if there is no effect of set size on the processing before the decision stage. Several methods have been proposed to distinguish such a decision effect from attention effects before decision. Shaw (1980 Shaw ( , 1982 Shaw ( , 1983 derived the maximum setsize effect that can be produced by the decision process and showed that it is exceeded for some stimuli but not for others. Sperling and Dosher (1986) used a concurrent task that has separate responses for each component stimulus and thus makes the decision stage of each component independent of set size. In this study, I used a sampling procedure to make the decision process independent of set size (e.g., Reicher, 1969; Sperling, 1960) .
The Partial Discrimination Paradigm
The present experiments measured discrimination of the attributes of briefly presented stimuli. The prototype task was line length discrimination, and is illustrated by the schematic sequence of stimuli shown in Figure I . The displays appeared in order from the top to the bottom of the figure. First, a fixation display was presented; second, a study stimulus was presented, consisting of one to four lines arranged around fixation; and third, a test stimulus was presented, consisting of a single line in the same location as one of the study lines. Each presentation was brief, and the interval between study and test was 2 s. The observer judged if the test line was longer or shorter than the study line in the corresponding position.
This procedure is referred to as partial discrimination, and the number of stimuli in the study display is the set size. This procedure differs from previous studies of size discrimination (e.g., Burbeck, 1987; Fechner, 1860 Fechner, /1966 Ono, 1967; Palmer, 1986; Pollock & Chapanis, 1952; Westheimer & McKee, 1977) in measuring perception of multiple-object displays instead of single-object displays.
The partial discrimination paradigm was designed to measure the attentional limits on the perception and memory for visual information. It is a memory as well as a perceptual task because the observer must remember all of the study stimuli The experiments were organized into three groups: (a) initial experiments demonstrating a set-size effect in line length discrimination, (b) experiments generalizing these effects to several stimulus attributes and a range of memory conditions, and (c) experiments showing equivalence between display set-size manipulations and attention instruction manipulations.
General Method
Subjects. Subjects for each experiment were selected from a pool of 15 trained, 20-to 40-year-old observers. Most were graduate students, each was paid $5 per hour (except Observer 1, the author), and all had a normal or corrected-to-normal acuity. The observers were identified by a set of noncontiguous numbers that were the same as those used in a related study (Palmer, 1988) .
Apparatus. The displays were controlled by a Hewlett Packard model 9817 computer and were presented on a 14-in. cathode-ray tube (Hewlett Packard model 35122A). The tube has a P31 phosphor, a 60-Hz raster refresh, and a 512 x 390 pixel resolution. The displays were viewed from 78 cm through a 15-cm aperture reduction screen that was 15 cm in front of the display. This combination resulted in a viewing area of about 14* of arc in diameter. The cathode-ray tube was indirectly illuminated to produce a background luminance of 3 cd/m 2. The surrounding reduction screen was a similar gray with a luminance of 2 cd/m 2. The displayed lines had an intensity equivalent to a luminance of 100 cd/m 2. (This equivalence was measured from a homogeneous display of the lines.) These well-lit conditions eliminated any visible phosphor persistence.
Stimuli.
In most experiments, the stimuli were horizontal lines with lengths near a standard of 60 arc min. The length was modified in steps of 2 arc rain. As shown in the middle panels of Figure 1 , up to four lines were arranged on an imaginary circle 180 arc rain from a central fixation point. The centers of the lines were always placed on the circle at 1, 4, 7, and l0 o'clock.
The stimulus sequence is also illustrated in Figure 1 . The fixation display was presented for 2,000 ms followed by a 500-ms interval; the study display was presented for 100 ms followed by a 2,000-ms delay interval; the test display was presented for 100 ms.
The length of the test line was always 60 arc rain. Of the lines in the study display, one served as a comparison and the others were distractors. The length of the comparison line was determined by an adaptive procedure restricted to a range of plus or minus approximately two times the estimated difference threshold. For example, if the difference threshold was estimated to be 6 arc rain for the 60 arc min standard, then comparison lines were between 48-72 arc min. The length of each distractor line was chosen from the same range.
For all set sizes, the to-be-tested line was presented equally as often in one of the four possible positions. For example, in set size l the line can occur in any of the four locations. As a result, the probability of testing any one location was always .25 and the positional uncertainty of the to-be-tested line was constant for the different set sizes. On the other hand, once the study is shown, the conditional probability of the test location does vary with set size. For example, when set size equals 1, then the test line always occurs at the same location as the single study line. Set-size effects were measured without this confound in the eye movement artifact control discussed with Experiment 1.
Procedure. The observers made a two-alternative forced choice discrimination of line length. After the test display, they pressed one key if they thought the test line was shorter than the corresponding study line, and another key if they thought it was longer. There was no time pressure, and response accuracy feedback was provided by tones. An adaptive procedure was used to select study stimuli from four to six lengths that were near difference threshold. The procedure reduced the size of the length difference by one step after three correct responses and increased the size of the length difference by one step after one incorrect response. This 3:1 rule concentrates measurements at a value that produces a .79 probability of a correct response (Levitt, 1971) . A psychometric function was formed by calculating the proportion of"longer" responses as a function of the comparison length. The observed function was fit to a cumulative normal by Probit analysis (Finney, 1971) , and the difference threshold was defined as half the difference between the stimulus that produced 25% longer responses and the stimulus that produced 75% longer responses. In addition, the point of subjective equality was defined as the stimulus that resulted in 50% longer responses. This estimate is reported in terms of the constant error, that is, the estimated point of subjective equality for the study line minus the actual length of the study line. For both of these estimates, standard errors were calculated from all of the data to provide the least-biased estimates. For statistical comparisons between conditions, estimates were calculated for individual blocks of trials and variability was calculated from replications over blocks to provide the most conservative variability estimates. Trials were presented in blocks of 32 to 48 trials; a session consisted of 8-10 blocks. Only one session was conducted per day. Each observer participated in at least five sessions of general practice before any of the reported data were collected. In addition, before each experiment, observers participated in one or more sessions of specific practice in that experiment. This resulted in at least 1,800 trials of practice per observer.
Experiment 1
The first experiment used a line length discrimination task as described earlier. It provided the first measurement of a set-size effect in the partial discrimination task. In addition, a number of controls confirmed that the set-size effect was not due to sensory factors and that categorization strategies were minimized.
Method
Set sizes of one, two, and four were presented in separate blocks. Fifteen observers participated in four sessions with the three set-size conditions, yielding 384 trials per condition per observer. Two observers (Observers 3 and 5) had slightly different display conditions (12, 3, 6 , and 9 o'clock display orientation and a wider range of distractor lengths) and participated in only two sessions; Observer 7 had slightly more trials per condition (576). The general methods were otherwise followed.
Results
The bold line in Figure 2 is the mean length difference threshold plotted as a function of set size. The difference in threshold between set sizes 4 and 1 was 0.36 __. 0.03 log arc rain, t(14) ---12, p < .001, In other words, the threshold increased by a factor of 2. In addition, the difference between thresholds for set sizes 2 and 1 was 0.14 ___ 0.02 log arc rain, t(14) = 7, p < .001. This is a change of a factor of just under 1.4. Thus, the set-size effect was reliable even for the change from set size 1 to 2. In Figure 2 , log threshold is plotted as a function of linear set size and shows a roughly linear trend; however, a similar linear trend would be evident if the figure had a linear ordinate. The logarithmic ordinate was adapted to maintain roughly constant standard errors of the threshold estimates.
Some of the data from individual observers are also shown in Figure 2 by the dotted lines that are labeled by observer number. These observers had the lowest and highest thresholds or had the smallest (0.12 log arc min) or largest (0.59 log arc min) effect of set size. All of the individual observer data are shown in Figure 3 in a scatterplot of the difference threshold for set size 4 and the difference threshold for set size 1. Each observer's result is marked by an identifying number. For each observer, the thresholds for set size 4 are reliably (p < .05) larger than for set size 1, for example, Observer 1, t(11) = 12, p < .001.1 This effect can be seen in the scatterplot by the position of each point being well above the diagonal line that marks equal performance in the set size 1 and 4 conditions. A similar comparison between set sizes 1 and 2 was reliable for 10 out of 15 observers. Increasing set size also increased variability between observers, with a between-subjects standard deviation of 0.12 __. 0.04 log arc min for set size 1 and 0.20 + 0.06 log arc min for set size 4. In Individual t tests were based on 12 blocks of data, three from each session.
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Length Thresholds (arc min) Threshold for Set Size One summary, the difference threshold increased with set size for every observer. There was some evidence that set size also affected the constant error (for a discussion of constant error, see Green & Swets, 1966; Jordan & Uhlarik, 1985; Woodworth, 1938) . For set sizes 1-4, the mean constant error in linear units changed from 1.2 -+ 0.6 arc min to -0.7 _+ 0.9 arc min. This effect is as if the subjective length of the study lines decreased for the larger set size. The difference of 1.9 __ 0.8 arc min was reliable overall, t(14) = 2.3, p < .05, but was not reliable for individual observers. The use of feedback in Experiment 1 was intended to eliminate constant error and therefore makes the residual constant error difficult to interpret. Furthermore, the constant error effect was not clearly replicated in further experiments and thus is not pursued.
In summary, Experiment 1 demonstrated a set-size effect for the partial discrimination task. The threshold doubled when the set size was increased from 1 to 4. In the following control measurements, I rule out several sensory explanations of this effect and provide data on categorization strategies.
Controls
Possible eye movement artifact. An eye movement artifact remained a possibility in Experiment 1. An observer might move his or her eyes in anticipation of the test stimulus. This strategy is particularly helpful for displays of set size 1 because the test stimulus could be viewed foveally instead of 180 arc min peripherally. Pilot studies indicated that such an effect might be as large as 0.10 log arc min. Similarly, eye movements might help set size 2 when the stimuli are on the same side of the display. On the other hand, eye movements could not have much effect when the stimuli were on opposite sides of the display in set sizes 2 and 4. The set-size effect for trials with opposite side stimuli was determined for all observers except Observers 3 and 5, who had incomplete data records.
The mean difference threshold for the opposite-side, set size 2 condition was 0.78 __. 0.06; the mean difference threshold for the set size 4 condition was 1.03 ± 0.05. The difference between these conditions yields a set-size effect of 0.25 __. 0.03 log arc min, t(12) = 8, p < .001. Thus, the difference between set sizes 2 and 4 was still found when there was little possibility of useful eye movements.
A control experiment was conducted to establish that eye movements were not responsible for the difference between set sizes 1 and 2. The experiment was similar to Experiment 1, except that it included only set sizes I and 2 and it changed the display of the test stimulus. Specifically, the test line was always presented at fixation and a dot was presented at one of the study locations to indicate which line was to be compared with the test line. Thus, the test was always at fixation regardless of set size. Five observers participated in three sessions with two set-size conditions, yielding 480 trials per observer per condition. The mean difference between difference thresholds for set sizes 1 and 2 was 0.11 __. 0.03 log arc min, t(4) = 3.7, p < .025. This difference was individually reliable (p < .05) for 2 of the 5 observers and marginally reliable for one of the others. Thus, the set-size effect is replicated when there can be no eye movement artifact.
Configuration effects.
Increasing set size introduced the possibility of effects of stimulus configurations. For example, if two lines were lined up side by side, then it would be easy to compare their lengths by an alignment cue (Ono, 1967) . Of concern in Experiment 1 was the possibility of an illusionary change in the perception of one stimulus due to the addition of extra stimuli (e.g., the parallel line illusion, Jordan & Uhlarik, 1985; and illusory conjunctions, Treisman & Schmidt, 1982) . In such situations, the features of one stimulus are assimilated by or confused with those of another stimulus. For example, a long line might make the other lines appear longer than they really are. Because different line combinations cause different illusions, a difference threshold could be inflated by averaging these illusory effects. Furthermore, the amount of averaging would have increased with larger set sizes. Thus, length illusions might have mediated the set-size effect.
To check for these illusions, the set size 2 condition of Experiment 1 was reanalyzed for all but Observers 3 and 5, who had incomplete data records. This condition yielded the simplest comparison because one line was tested and only one other line provided a context line that might induce an illusion. The first analysis addressed the relative length of the context line: Context lines smaller than the test line were contrasted with context lines that were larger than the test line. The context line's length did not affect difference thresholds (difference = -0.02 ___ 0.02 log arc rain) or constant errors (linear difference = -0.3 -0.6 arc min). The second analysis was of the effect of heterogeneous context lines: Context lines similar in size to the test line (55-65 arc min) were compared with context lines that were dissimilar in size (50-56 and 66-70 arc min). There was no detectable effect of heterogeneous context lines (difference between thresholds = 0.01 ± 0.03 log arc min, constant error linear difference = -0.5 ± 0.4 arc min). A further examination of the set size 4 condition and the other experiments in this article also showed no consistent illusion phenomena. Thus, illusory phenomena were unlikely to have mediated the set-size effect.
Another different possible effect of configuration cue has to do with the use of a single line in the test display. Suppose configuration cues are critical for judging the length of lines in a multiple-line displays. Then a test with a single line such as that used in Experiment l has the effect of removing those cues when there were multiple lines in the study display. This differentially impairs performance in the larger set-size conditions because configuration cues are destroyed for the larger set sizes and do not exist to be destroyed for set size 1. The possibility of such an effect was tested by comparing the display sequence used in Experiment l with a sequence that used a test display that included all of the study lines. The test displays also included a new central arrow that pointed to the line that was to be judged. The experiment had two conditions: a control condition, which had a single line in the test display to replicate the previous experiments, and an experimental condition, which had all four lines of the study display repeated in the test display. For both conditions, study displays were identical to the set size 4 study displays of Experiment I. Two observers participated in three sessions, resulting in 480 trials per condition per observer. There was no reliable effect of adding the lines to the test displays on the difference thresholds. The thresholds for the control and experimental conditions were 1.11 __ 0.05 log arc rain and 1.08 __ 0.04 log arc min for Observer 3 (difference = 0.03 +_ 0.05), t(14) = 0.6, p > .l, and were 0.57 ± 0.04 log arc min and 0.56 ± 0.02 log arc min for Observer 7 (difference = 0.01 ± 0.05), t(14) = 0.2, p > .l. Thus, removing configuration cues did not mediate the set-size effect.
Categorization strategy. Several observers reported a strategy that may account for some of the individual variation in this experiment. These observers used the fact that the test stimulus was always 60 arc min in length and made an absolute judgment of the lines in the study display by comparing each line with a memory standard. Some observers (particularly Observer 7) pursued this possibility and intentionally judged each line in the study display as "shorter" or "longer" than their memory standard. Consequently, they had to remember only these judgments rather than the lengths of the lines. Informally, this strategy seemed successful in reducing the magnitude of the set-size effects. This raises the possibility that these experiments understated the set-size effects that would be obtained if this categorization strategy was prevented.
To evaluate the effectiveness of the categorization strategy, a control experiment was conducted with conditions that made it more difficult to use. Two versions of the set size 4 condition were constructed. One was exactly as in Experiment 1, in which there was little uncertainty about the test length. The second introduced uncertainty by intermixing trials with standards of lengths 48, 60, and 72 arc min. Two observers participated in five sessions, yielding 960 trials of the lowuncertainty condition and 320 trials for each of the three standards in the high-uncertainty condition. To make a fair comparison, the following results are only for the 60-arc-min standard in both conditions. First, Observer 7, who reported using the categorization strategy, performed worse in the high-uncertainty condition (0.87 _ 0.05 log arc min) than in the low-uncertainty condition (0.69 ___ 0.01 log arc min), a difference of 0.17 + 0.06 log arc min, t(4) = 2.8, p < .05. Second, Observer 10, who reported not using the categorization strategy, performed indistinguishably in the high-uncertainty (0.94 __. 0.02 log arc rain) and the low-uncertainty conditions (0.97 ___ 0.03 log arc rain), an unreliable difference of-0.03 __. 0.04 log arc min. Thus, it appears that the categorization strategy may have been used by some but not all observers and the magnitude of the set-size effect may thus have been underestimated for some observers.
Discussion
The length difference threshold for a line increases with an increase in the number of lines in the display. This increase was reliable for a change from one to two lines and increased proportionally for four lines. Analyses and a control experiment showed that the set-size effect was not mediated by eye movements at test or by illusions among the multiple lines. Other controls indicated that some observers may have used a categorization strategy that reduced the magnitude of their set-size effects. The occurrence of such a strategy makes it more difficult to interpret the size of the obtained effects, but it does not in any way weaken the evidence for a set-size effect. In conclusion, these results provide a first answer to the question posed in the introduction: Perception and memory for line length is reduced by increasing set size.
Experiment 2
Experiment 1 presented the set-size effects in terms of difference thresholds. Such thresholds are good summaries only if all conditions produce psychometric functions of a consistent shape. In difference threshold experiments, psychometric functions have the same shape if they can be described by ff [(x -p)t], where ~k is a fixed function of x and the only thing that varies from condition to condition are the parameters p (point of subjective equality) and t (threshold). Only if the functions are of constant shape will the log threshold differences between conditions not depend on the response level that defines the threshold. Interestingly, some attentional hypotheses predict that the shape of the psychometric functions does change for larger set sizes. For example, if a larger set size causes guessing on a higher proportion of trials, the the maximum possible performance is decreased and the shape of the psychometric function must change (see the Type 1 mixture model of Shaw, 1980 ; for a review, see Swets, 1984) . In particular, these theories predict that deviations from a constant shape psychometric function will be most evident for values of stimulus change that produce near-perfect discrimination. Confirmation that the psychometric functions are the same shape will be important to the discussion of alternative hypotheses at the end of this article. In summary, this experiment has three goals: replicate Experiment 1; show that the psychometric function is the same shape over its usual range; and investigate its shape for extreme values.
Method
Psychometric functions were measured with a slight variation of Experiment I. The method of constant stimulus was used to better estimate the function's shape. The comparison lengths were scaled logarithmically and spaced at intervals of approximately one-third, one, and three times the threshold. This last value is more extreme than is typically used in threshold experiments, and performance is expected to approach perfect discrimination for this comparison length. The data were fit to a function ¢/(x) that was a cumulative normal, with the mean interpreted as the point of subjective equality and the standard deviation inversely proportional to the threshold. Two observers participated in four sessions of each set size, yielding 256 trials per comparison stimulus. Figure 4 shows the psychometric functions for the two setsize conditions and for Observers 11 and 13 in four separate panels. In each graph, the axes are the probability of responding that the comparison stimulus was larger as a function of the size of the comparison stimulus. The points represent data and the lines represent the best-fit cumulative normal functions (Finney, 1971; Green & Swets, 1966) . Three points are evident. First, this experiment replicated the set-size effect. In the figure, the set-size effect is reflected in the reduced slope of the psychometric function for the set size 4 condition compared with the set size 1 condition. Such a slope change produces a corresponding change in the difference threshold. For example, Observer I l had a difference threshold of 4.8 __+ 0.2 arc min for set size 1 and 11.9 __. 0.6 arc min for set size 4. This was an increase of 0.4 + 0.1 log arc min, t(3) = 4, p < .05; this replicates Experiment 1. Second, the cumulative normal function was a good fit for the central four comparison stimuli in both conditions, for example, Observer 13: x2(2, N = 256) --1.0, p >. 1, for set size 1 and x2(2, N = 256) = 1.9, p >. 1, for set size 4. These central values are typical of the range used in all other experiments in this article. Thus, the shape of the psychometric function can be modeled as a cumulative normal for the central four points. Third, the extreme stimulus values produced responses that were less extreme than predicted. In other words, the largest comparison stimulus did not produce the predicted > .99 probability longer response and the smallest comparison stimulus did not produce the predicted < .0t probability longer response. Instead, response probabilities were no more extreme than about .98 or .02. Such a result is compatible with about 4% of the responses being guesses. This can be quantified another way by showing that the cumulative normal function did not fit the entire data set, for example, Observer 13: x2(4, N = 256) = 916, p < .001, for set size 1 and x2(4, N= 256.) = 118, p < .001, for set size 4. These last results are analyzed further at the end of this article.
Results
Discussion
Experiment 2 established how the psychometric function was affected by set size. The shape of the psychometric function was similar for the different set-size conditions. It • . . , . .
• , .
• . 0.0 was well fit by a cumulative normal over most of its range with deviations only when performance approached 98% correct. Even then, the deviations were similar for both setsize conditions. The constant shape of the psychometric function over its central range supports the use of thresholds as a summary of performance over that range. Furthermore, this means that large set sizes do not necessarily mean poor performance. One can always find a stimulus change large enough to get near-perfect discrimination for a set size of four.
Experiment 3
The next experiment investigated a broader range of stimulus characteristics and their associated judgments. Experiment 3 included two other judgments of a line segment (vertical position and orientation) and one judgment of outline rectangles (shape). For all of these judgments, there is a literature for single stimulus displays but not for multiple stimulus displays (e.g., position-- Attneave, 1955; Legge & Campbell, 1981; orientation--Bouma & Andriessen, 1968; Matin & Drivas, 1979; Westheimer, 1982; shape--Menzer & Thurmond, 1970; Weintraub, 1971) .
Method
Set-size effects were measured for each of the three judgments with set sizes of 1, 2, and 4. This resulted in a total of nine conditions. Sessions with different judgments were run sequentially. Two observers participated in four sessions, resulting in 576 trials per condition per observer. The differences in stimuli and procedure for each judgment are described in the following sections. Otherwise, the methods of this experiment were identical to Experiment 1.
Vertical position. For the vertical position judgment, the study displays consisted of one, two, or four horizontal lines that were 60 arc rain long and arranged around fixation as shown in the left side of Figure 5 four standard positions that were used in Experiment 1. Namely, the standard position placed the center of each line on an imaginary circle 180 arc rain from fixation at an angle from fixation corresponding to 1, 4, 7, or 10 o'clock. To vary vertical position, each line was displaced upward or downward by a maximum of 42 arc rain from the standard position. The test display was identical to that used in Experiment 1 (see Figure 1 ) and the single line was always at one of the standard positions. The observer's task was to discriminate if the test line appeared above or below the position of the corresponding study line. Observers reported using the relative position between the fixation point and the lines as the main cue. Difference thresholds were calculated in terms of the vertical position change in arc minutes.
Orientation. For the orientation judgment, the standard displays of line segments were modified by changing the orientation of the lines in the study display by up to a maximum of 6*. An example is shown in the middle of Figure 5 . The test display always consisted of the standard stimulus, a horizontal line. With these displays, observers judged the direction of orientation change from study to test. Owing to limited display resolution, small orientation changes were approximated by placing the endpoints at the correct locations and drawing short horizontal line segments with vertical steps between them. The smallest possible orientation change was 1.9"; this was with a single pixel "rise" of 2 arc rain for the "run" of 60 arc min. Discrimination thresholds were calculated in terms of the rise in arc minutes to make the units similar to previous experiments. For these stimuli, the conversion rule is 1 arc rain of rise for approximately 1" of orientation change.
Shape. For the shape judgment, the observers were required to judge the shape of outline rectangles. The rectangles were elongated either vertically or horizontally from a 60-arc-rain square as shown in the right panel of Figure 5 . In the study display, each rectangle was modified from a square by reducing one dimension (e.g., height) and increasing the other dimension (e.g., width) by an equal amount up to a maximum of 10 arc rain. The test display was always the standard, a 60-arc-rain square. Observers judged the direction of elongation change from study to test. Discrimination thresholds were calculated in are minutes of elongation.
In summary, set-size effects were measured for three judgments. Difference thresholds were calculated for each in terms of the arc min change in the appropriate dimension.
Results
Vertical position.
In the left panel of Figure 6 , difference thresholds are plotted as a function of set size for Observers 3 and 7. The difference thresholds are scaled logarithmically with a vertical axis of 2 log units (as used in all figures in this article). Set size affects vertical position difference threshold. From set size 1 to 4, the mean difference threshold increases by 0.39 log arc min: Observer 3--0.37 + 0.05 log arc min, t(l 1) = 7.0, p < .001; Observer 7--0.41 _ 0.04 log arc min, t(l 1) = 9.4, p < .001. This is a 2.5-fold increase in difference threshold. The mean increase from one to two items was 0.16 log arc min, which was also reliable in both observers: Observer 3--0.12 __. 0.04 log arc rain, t(l 1) = 3, p < .01; Observer 7--0.21 _ 0.04 log arc min, t(11) = 6, p < .001.
Orientation. In the middle panel of Figure 6 , difference thresholds are plotted as a function of set size by using units of the vertical rise in arc rain. These orientation difference thresholds also increased with set size. For Observer 3, the increase was 0.8 log arc min; for Observer 7, the set size 1 difference threshold could not be estimated due to nearperfect discrimination performance with the smallest available orientation change. The upper bound on the difference threshold is indicated in the figure. Consequently, the set-size effect on the difference threshold was no smaller than 0.2 log arc min. Near-ceiling performance also prevented parametric statistical tests of these effects. Nonetheless, for each observer, each block of set size 4 yielded worse performance than the paired block of set size 1, which is reliable (p < .05) by a sign test.
Shape. In the fight panel of Figure 6 , elongation difference thresholds are plotted as a function of set size. Again, set size has an effect. The difference between set sizes 1 and 4 was 0.89 _+ 0.08 log arc min for Observer 3 and 0.28 -+ 0.05 log arc rain for Observer 7, t(l l) = 1 l, p < .00 l, and t(l l) = 5, p < .001, respectively. The difference between set sizes 2 and 1 was also reliable: Observer 3---0.30 _+ 0.05 log arc min, t(l 1) = 5, p < .001; Observer 7--0.17 _+ 0.04 log arc min, t(l l) = 4, p < .005.
Discussion
Experiment 3 extended the findings of Experiment l to three other judgments. It seems likely that experiments of this type could be extended to any continuously varying visual characteristic. For example, one could find difference thresholds as a function of set size for the hue, contrast, and depth of an object. On the other hand, it is not obvious what the best way is to generalize this experiment to stimuli such as letters that have categorical definitions.
Experiment 4
Experiment 4 was designed to demonstrate the consistency of set-size effects across a range of retention intervals (cf. Laming & ScheiwiUer, 1985) . It was similar to Experiment 1 with the exception that the delay between study and test displays was either 0.5 or 8 s instead of the 2 s used previously. Use of briefer delays was not desirable because of apparent motion artifacts (Palmer, 1986) . Such brief delays were inves-
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Method
The methods were those of Experiment 1, with the following exceptions. Four conditions were defined by combining two delays (0.5 s and 8 s) with two set sizes (2 and 4). These four conditions were presented in a mixed-list fashion. Two observers participated in four sessions, yielding 256 trials per observer per condition.
Results
Length difference thresholds are shown in Figure 7 . Results for Observer 11 are in the left panel and those for Observer 13 are in the fight panel. The solid line indicates the 0.5-s delay conditions and the dotted line indicates the 8-s delay conditions. The mean set-size effect was 0.37 log arc min and was reliable for both observers: Observer 11---0.43 + 0.06 log arc min, F(I, 13) = 63, p < .001; Observer 13----0.32 __. 0.12 log arc rain, F(I, 13) = 8, p < .05. Delay had a mean effect of 0.21 log arc rain: Observer 11---0.15 _ 0.05 log arc min, F(1, 13) = 9, p < .05; Observer 13--0.27 _ 0.12 log arc min, F(1, 13) = 5, p < .05. The data were approximately additive for log thresholds but were not reliable enough to closely evaluate the degree of interaction. In summary, the set-size effect is found for a range of retention intervals.
Discussion
general to a variety of response levels, stimulus attributes, and retention intervals. In the next three experiments, I examine if the set-size effect is due to attention.
Experiment 5
Set-size manipulations confound two things: More stimuli are presented to the observer and more stimuli are relevant to the task. Consequently, the set-size effect may be sensory in nature owing to additional stimuli in the display, or it may be attentional in nature owing to the addition of relevant stimuli. Sensory hypotheses assert that a single line is more difficult to perceive in the context of additional lines. For example, adjacent lines might cause masking (Andriessen & for Observers II and 13.) Bouma, 1976; Kahneman, 1968) , or they might cause illusions (Coren & Girgus, 1978) . In Experiment 5, these hypotheses were tested by holding the number of relevant lines constant while manipulating the number of displayed lines. Two or four lines were displayed and a cue indicated two lines that were relevant to the test. The test was always of one of the relevant lines. The display set size of four was compared with a display set size of two in which only the two relevant stimuli were presented. Sensory hypotheses predicted an effect of display set size despite holding the relevant set size constant.
In previous tests of this sort, it is not uncommon to find evidence for a sensory contribution toward set-size effects (e.g., Eriksen & Lappin, 1967) . In summary, the displayed set size was manipulated independently of the relevant set size.
Method
The displayed set size was two or four, as shown by the alternate study stimuli in Figure 8 . Shown on the left is an example of displaying a set size of two. The lines were always on opposite sides of the fixation point and appeared at either the 1 and 7 &dock positions (vertical pair) or at the 4 and 10 o'clock positions (horizontal pair). Shown on the fight is an example of displaying a set size of four. With all four stimuli present, one of the opposite-side pairs was precued with a small cue fine at fixation for 1,000 ms before the study display. If the cue was vertical, then the test would be of the nearvertical pair (1 and 7 o'clock); if the cue was horizontal, then the test would be of the near-horizontal pair (4 and 10 o'clock). Thus, the relevant set size was always two. Six observers participated in three sessions, resulting in 480 trials per condition per observer. In other ways, this experiment was identical to Experiment 1.
Results
The effect of display set size is shown in Figure 9 . The bold curve indicates the mean difference threshold for each display set size and the dotted curves indicate thresholds for selected individual observers. The difference in threshold between displaying four and two lines was 0.02 + 0.03 log arc min. This was not reliably different than zero (t = 0.6, p >. 1) and was much smaller than the 0.22 log arc min effect found for the comparable set-size effect in Experiment I. More precisely, one can rule out a display set-size effect of more than 0.06 log arc min. Thus, there is no evidence for any sensory effect, and the worst possible case limits sensory hypotheses to accounting for a quarter of the set-size effect. This result makes it unlikely that any sensory hypothesis can account for the set-size effects found in this article.
Experiment 6
Experiment 5 ruled out sensory explanations for the setsize effect. The next step is to find direct evidence for an attentional hypothesis of the set-size effect. One way to do this is to show similar effects for attentional instructions as those for set size. Specifically, manipulating the relevant set of stimuli by instruction should have the same effect as manipulating set size, as in Experiment 1. To test this prediction, Experiment 6 manipulated the relevant set size while holding constant the displayed set size.
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Method
The study display always consisted of four lines (Figure 10 ). However, cues indicated a relevant set size of either two or four. The cues were presented at the beginning of each trial, as was done in Experiment 5. A relevant set size of two was defined by a line cue that indicated a pair of stimuli, as in Experiment 5. For example, as shown in the left of Figure 10 , a vertical cue line at fixation indicated a test at either the 1 o'clock or 7 o'clock position. A similar horizontal line was used on alternate trials to cue the other lines. In contrast, as shown on the right, a relevant set size of four was indicated by a neutral cue that conveyed no information about which line of the four was to be tested. The neutral cue was a combination of two other cue lines that made up a "plus" sign. Cues were presented 1 s before the study display, as in Experiment 5. Eight observers participated in three sessions to yield 480 trials per observer per condition.
Results
The effect of relevant set size is shown in Figure 11 . The bold curve is the mean length difference threshold plotted as a function of the number of relevant stimuli. Increasing the number of relevant stimuli increased the difference threshold by 0.18 +_ 0.05 log arc min, t(7) = 3.6, p < .005. The magnitude of this effect was similar to the 0.22 log arc min difference found between set sizes 2 and 4 in Experiment 1. (see dotted curves). In particular, the observers with the highest and lowest thresholds are shown along with the observers with the smallest and largest effect of relevant set size. The relevant set-size effect was reliable for 6 and marginally reliable for 1 of the 8 observers. 2 In summary, the manipulation of relevant set size from two to four produced effects similar to the set-size effects of Experiment 1. This supported an attentional hypothesis for the set-size effect.
Experiment 7
Attentional hypotheses predict that unattended stimuli should be perceived and remembered less well than attended stimuli. In other words, instructions to attend to one stimulus and not attend to another should decrease performance for the second stimulus. In Experiment 7, performance was measured for such unattended stimuli.
Method
Four conditions were included in two different blocks of trials. In the set-size blocks, two conditions replicated the set size 2 and 4 conditions of Experiment 1. These were presented in a mixed-list fashion and included a neutral plus cue at fixation similar to that used in Experiment 6. In the cued blocks, the stimuli were similar to those used in the relevant set size 2 condition of Experiment 6. However, the cue was invalid on 25% of the trials and one of the tobe-ignored stimuli was tested. Observers were instructed that despite occasional tests of the uncued lines, their priority task was to do as well as possible on the cued lines. In particular, they were challenged to do as well under these conditions as with the 100% valid cues of Experiment 6 that they had just completed. Three observers participated in four sessions. The number of trials per condition per observer was 320 for the set-size conditions, 480 for the valid cue condition, and 160 for the invalid cue condition.
Results
In Figure 12 , the bold curve is the mean length difference threshold as a function of set size and cue validity. The setsize effect was once again replicated. The new result is the large effect of cue validity. For the valid cues, the mean difference threshold was 0.80 -_-0.07 log arc rain; in contrast, for the invalid cues the difference thresholds were too large to calculate accurately (__.1.7 log arc min). Thus, the effect here is on the order of a log unit of threshold. A last comparison is that performance in the valid cue condition was intermediate between the set size 2 and 4 conditions. Thus, the cue uncertainty in this experiment made the cues less effective than in Experiment 6. Also shown in Figure 12 are the thresholds of the three observers, each of which replicates the set-size effect and shows the large cue validity effect. To make a quantitative comparison between the cue validity condi- tions, the estimated probability correct for a length change of 16 arc min was calculated and is shown in Figure 13 . Here, probability correct is graphed as a function of cue validity. The mean probability correct was .62 __..03 for the invalid condition compared with .95 __..02 for the valid condition, t(2) = 5.5, p < .05. In terms ofa d' measure, this was a fivefold change in performance. By any measure, the discrimination was poor for the stimuli that were not cued.
Discussion
Experiment 7 demonstrated poor performance for a stimulus that was to be ignored according to instructions. This provided further evidence for an attentional explanation of the set-size effects. More generally, the last three experiments were all compatible with an attentional explanation of the set-size effect. Experiment 5 ruled out sensory explanations and Experiments 6 and 7 showed that attention instructions produced effects similar to displayed set size.
General Discussion
The experiments in this article have demonstrated an effect of set size in a variety of situations. It occurred with several kinds of stimuli and judgments; it occurred with a variety of delays and threshold criteria; and it occurred with sets defined by instructions as well as with sets defined by the display itself.
The set-size effect was measured in terms of difference thresholds that increased by a factor of 2 when there are four stimuli rather than one. This means that for the finest details of a scene, only one stimulus can be accurately discriminated. On the other hand, for coarse size and shape information, at least four stimuli can be accurately discriminated. Specifically, if four lines are presented at 3* eccentricity, then lengths of 30-90 arc min are distinguished 98% of the time. Such a dependence on the stimulus was foreshadowed by William James: "The number of things we may attend to is altogether indefinite, depending on the power of the individual intellect, on the form of the apprehension, and on what the things are [italics added]" (James, 1890, p. 405) . This last dependence is partly spelled out by these experiments.
Alternative Hypotheses for the Set-Size Effect
Many factors limit performance in perceptual tasks: sensation, decision, memory, and attention. To what extent did the partial discrimination paradigm succeed in isolating a setsize effect that depended on only attentional limitations?
Sensory hypotheses. Set-size effects can occur from sensory phenomena such as lateral masking. Such hypotheses were tested in three ways. First, specific sensory effects that might produce set-size effects were controlled in the design of the experiments. These factors included eccentricity and positional uncertainty, which otherwise are confounded with set size. Second, control experiments were conducted to rule out specific sensory hypotheses such as eye movements and illu- sions between multiple stimuli. These controls showed that little, if any, of the set-size effect was due to these sources. Third, more general sensory hypotheses were tested by unconfounding the number of stimuli displayed and the number that were relevant to the task. The number displayed was shown to have no detectable effect. This is particularly important because previous experiments have often not satisfied this criterion (e.g., Eriksen & Lappin, 1967) . Thus, even though sensory effects do limit performance under less controlled conditions, it is not the mediator of set-size effects observed here.
Decision hypotheses. Set-size effects can occur from a decision process that combines information from multiple noisy sources (e.g., Shaw, 1982) . The most well-understood case is what Shaw called information integration tasks, which include most detection and search tasks. Determining whether such decision processes play a role here is addressed in two steps. First, I argue that partial discrimination is designed to avoid limitations of decision as specified in previous theories. Second, I extend the decision theories to include the partial discrimination task and show that for reasonable assumptions the set-size effect is not due to decision.
Tasks that require information integration necessarily have decision processes that can be affected by set size. Increasing the set size increases the number of information sources, which in turn increases the noise that contributes to the decision. In short, set size affects the decision process. In contrast, the partial discrimination task provides a cue that specifies only one source of information as relevant to the decision. Changes in set size do not change the number of information sources relevant to the test. Given that set size does not affect decision, then decision cannot mediate the setsize effects.
This argument can be stated in another way by using the task dichotomy of Sperling and Dosher (1986) . They distinguished between two kinds of tasks: A compound task has a response that depends on multiple stimuli, and a concurrent task has independent stimuli and response sets. In other words, compound tasks require information integration, whereas concurrent tasks require separate information processing. Set-size effects can be mediated by decision in compound tasks but cannot be mediated by decision in concurrent tasks. The partial discrimination task falls across this dichotomy. It is a compound task in that the response depends on the cue provided by the location of the test stimulus. However, it is a concurrent task in that the separate study stimuli must be processed independently, and a correct response to one is independent of the others. Thus, if the cue is assumed to be accurate in indicating only one information source for decision, then partial discrimination is a concurrent task with sampled stimuli. In other words, observers must perceive and remember each stimulus independently, but then memory is randomly sampled for one stimulus.
One might still argue that the task is not concurrent because the information from the cue is not used accurately to indicate a single information source. This seems very unlikely because of the very distinct cue locations. In addition, analyses of Experiment 1 (configuration effects control) have shown none of the confusion errors expected if the test location is uncertain. Furthermore, such a failure of using the cue makes another prediction that can be shown to fail. When the wrong source of information is selected, then performance is based on the wrong stimulus and the response can be no more accurate than a guess. Thus, the probability of cue failure limits the best possible performance. Consequently, the psychometric functions must asymptote for a large stimulus to a level dependent on set size. Let ~b(n,x) be the psychometric function for set size n and stimulus x. One then expects that a failure probability of f with set size n results in a change of the psychometric function shape given by
where g is the response probability with random guessing (g = .5 here). In other words, any trial is based on one of two states. With probability (1 -f ) , the correct source of information is sampled and performance is as with set size 1; with probability f the incorrect source of information is sampled and one must guess. The overall probability is the combination of these two kinds of trials. This equation is an application of a standard mixture model often discussed in the attention literature (see the Type 1 mixture model in Shaw, 1980;  or for a general review, see Swcts, 1984) . Equation 1 predicts the asymptote for any given set-size effect. A twofold increase in the difference threshold as found in Experiments 1 and 2 requires that the asymptote drop from 1.0 to .8. The best observed performance measured in Experiment 2 was around .98, which is much larger than the predicted .8. Thus, this decision hypothesis can be rejected.
In summary, it is not likely that decision mediates the setsize effects. This conclusion is based on two arguments. First, the partial discrimination task prevents set size from affecting the decision process by its sampling of a single source of information. Second, if the sampling proved to be inaccurate, then the effect on decision would cause a change in the asymptote that was not found. Thus, one can reject any role of decision processing.
Memory versus perceptual limitations?
One can imagine that the limitation on performance observed here is due to processes of either perception or memory. With no definitive definition of these concepts, no clear conclusion is possible. However, one kind of memory hypothesis can be ruled out. Suppose that the set-size effect depends on memory processes that occur during retention intervals on the order of 1 s or more. For example, suppose forgetting from short-term memory was more rapid for larger set sizes. This predicts that the set-size effect would be small for very short retention intervals and would grow with retention intervals. This is contradicted by the observation of similar set-size effects for delays between study and test of 0.5 and 8.0 s, as found in Experiment 4. Because set-size effects are established within a half second of stimulus offset, this implies that perception or memory processes within that half second are responsible for the effect. This argument was pursued further for intervals of less than 0.5 s by using a partial-report-like method (Palmer, 1988) . The results indicate that the loss of information is very early, but it still does not distinguish between perception and memory hypotheses.
There are several possible suggested hypotheses. Perception itself may have a limitedcap~icity to establish the precision of size and shape (e.g., Rock & Gutman, 1981) ; perceptual memory may degrade before items can be encoded into more durable memories (e.g., Sperling, 1960) ; encoding to more durable memories may be limited in other ways (e.g., Wolford & Hollingsworth, 1974) ; or finally, the more durable memories themselves may have limited capacity (e.g., Frick, 1988) .
Attention hypotheses. Although the exact locus of the limit on information processing is unknown, there is evidence that it is attentional. Specifically, the relevant set size was shown to be the critical variable in the set-size experiments. Thus, the process that limits performance is under instructional control to select some stimuli. This is taken here as the criterion for considering a phenomenon to be attentional.
The analysis that follows considers alternative attention hypotheses in two parts. The first part analyzes the choice between switching and sharing hypotheses. The second part describes a particular version of the sharing hypothesis that is compatible with the current results. These attentional hypotheses can be combined with any of the perceptual and memory loci discussed earlier.
A first consideration in attention theory is whether attention is a matter of switching between a few states or a matter of sharing one or more continuously valued quantities. For example, is only one item processed in any display with attention switching between displays, or do multiple items share processing within a display? A test of the simplest switching model is possible by using the psychometric functions measured in Experiment 2. By an all-or-none attention switching hypothesis (cf. Shaw, 1980 , Type l mixture model; Swets, 1984) , attention consists of only two states, attending or not attending. If one does not allow switching within a trial, the model predicts discrimination in the same way as Equation 1, which was used to consider a decision hypothesis in which responses were based on a mixture of correctly selected stimuli and incorrectly selected stimuli. The same model can be applied here by assuming that one selects a single stimulus and guesses if another is tested. Consequently, the probability of guessingfis 0 for set size 1, .5 for set size 2, and .75 for set size 4. This predicts that performance cannot be better than .625 probability correct for set size 4. The best observed performance obtained in Experiment 2 is replotted in Figure 14 . The panels are for separate observers and the points show the best observed probability correct for each set size. For both panels, the probability correct is more than .95 for Observer 11 and more than .9 for Observer 13. The lines show various model predictions, with the lowest being the allor-none switching model. The predictions are calculated by assuming an overall guessing probability from the set size 1 condition and then estimating the reduced performance for set size 4 from the particular attention model. Clearly, the model with only one attended location can be rejected.
A more interesting analysis is to consider the switching model that allows a maximum of three stimuli to be processed in any display. Equation 1 can be applied to this case by assuming for set size 4 that there is a .75 chance that the tested stimulus is one of the three that were processed. The predictions for this model are the middle dotted curves in Figure 14 . This prediction can also be rejected. This implies that all four stimuli must receive some processing on each trial. In other words, there is partial information available about the size or shape of at least four objects in a brief display.
This analysis can be extended one step further by calculating the proportion of the trials that might be based on no information. In other words, how often does one know nothing about one of the stimuli in the set size 4 display? The asymptotic values of the psychometric function provide a bound on the proportion of times that the observers knew nothing about an item. Using Equation 1 and an asymptote of .98 yields an fparameter of .04. Thus, one stimulus of set size 4 is "completely missed" less than 5 % of the time. Clearly, attention must be shared across the stimuli.
Given shared attention, the next issue is what kind of sharing metaphor is appropriate. Possible metaphors include switching between stimuli within a trial or the sharing of resources (Kahneman, 1973) . Distinguishing these possibilities is beyond the experiments reported here. Instead, I describe a specific model of attention sharing that is compatible with the observed set-size effect. The model was called the sample size model by Shaw (1980; see also Lindsay, Taylor, & Forbes, 1968; Lute, 1977) .
In the sample size model, attention is mediated by the allocation of samples to noisy perceptual attributes. That is, any unidimensional percept is the aggregation of several samples from an underlying unidimensional random variable representation. When a single stimulus is to be attended, all samples can be taken from that stimulus. When two stimuli are to be attended, the samples must be divided between the stimuli. Assume that each stimulus attribute is characterized by an independent Gaussian random variable. Then the mean of the samples of that variable will have a variability that is inversely proportional to the number of samples. With equal allocation of samples, an increase in the set size decreases the number of samples proportionally. Therefore, the variability of the sample mean is proportional to the set size. Combining this with a signal detection model in which d' is inversely proportional to variability predicts that d' is inversely proportional to n 1/2, where n is the set size. Assuming further that the psychometric functions are a cumulative normal, the prediction is then for thresholds to be proportional to #/2 because thresholds are inversely related to d' for any fixed stimulus. In other terms, the log threshold will be linear with log set size and have a slope of 0.5. Another simple model that makes this same prediction is an information-theoretic model in which total information transmission capacity remains constant regardless of set size. For n stimuli, capacity for any one stimulus will be 1/n of total capacity. Under certain assumptions, d' squared varies proportionally with channel capacity (Taylor, Lindsay, & Forbes, 1967) , thus d' will be inversely proportional to #/2 as stated. In summary, both the sample size model and the constant information transmission model predict thresholds to double for any fourfold increase in set size. This prediction can be compared with the results of Experiment I. The slope in a logarithmic plot was estimated to be 0.60 -+ 0.05 log arc min/set size. This slope is not reliably different from the 0.5 predicted by the sample size model. All of the other experiments show roughly similar size effects. Although none of these experiments were designed to distinguish these models from other detailed models, it is interesting that a model as simple as the sample size model can predict the magnitude of the set-size effect.
Summary. Sensory, decision, and short-term memory forgetting can be ruled out as mediators of the set-size effect. In addition, any attention switching model can be ruled out that does not have some information about each stimulus. Of the models that remain, a particularly simple one is an attention sharing model in which samples are shared among the stimuli. This sample size model predicts the function and magnitude of the set-size effect.
Generality
Stimulus generality and categorization. The results found here can be compared with previous experiments that have measured how much information is perceived and remembered from other kinds of stimuli. The classic studies of span of apprehension in the full report paradigm show no effect of set size for letters, words, or geometric figures like squares and circles. The different result may be due to the full report imposing a ceiling on performance for small sets of items. In other words, a single letter might be perceived better than four letters, but either can be reported perfectly. This idea finds some support in the recognition experiments of Reicher (1969) in which there is a set-size effect of one versus two letters. However, other letter experiments have shown that two letters produce similar performance as a single letter (e.g., Estes, 1972; Farrell & Desmarais, 1990) . These studies differ in many ways, including the task, stimulus sets, and use of masks. If the ceiling effect is not the explanation, then one alternative is the categorical nature of letter stimuli compared with the size and shape attributes studied here. Remembering category labels may be different from remembering fine detail. Indeed, a few; observers in Experiment 1 reported a strategy of using categorization that seemed to attenuate the set-size effect. In summary, differences between partial discrimination and report may not only be due to ceiling effects, but may also be due to the categorization possible with letterlike stimuli.
Task generality and memory. Studies of visual search have
shown that under certain conditions, very large set sizes can be processed as efficiently as small set sizes (e.g., Egeth et al., 1972) . Similarly, detection studies of simple visual stimuli such as gratings have shown no effect of attention beyond an effect on decision (e.g., Davis et al., 1983) . Why are the current results different? The possibility suggested in the introduction is that memory plays a much smaller role in visual search than in recognition. Certain kinds of perceptual processing may be possible for large set sizes, but remembering information from that same set size may be impossible.
This idea can be restated as the hypothesis illustrated in Figure 15 . This is a schematic information flow diagram that illustrates the typical processing sequence of perception to memory to further processes leading to a response. The hypothesis is that the decision critical to a task may occur in one of two places. For tasks such as search or detection for simple targets, it may be possible to make an early decision before the bottleneck of memory. Such a decision would be the basis for storing information about only the target in a display and not about distractors. In contrast, tasks such as recognition require a memory for each stimulus, and hence any decision has to be after the bottleneck of memory. The details of this hypothesis are open. For example, some search tasks might require memory. The point is that memory requirements are a likely source of the differences in set-size results observed between search, detection, and recognition.
Implications for Scene Perception
Two points of the current discussion have implications for the larger issue of scene perception. One point is the attentional limits on perception and memory shown here for recognition. The other point is the hypothesis that tasks like 
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Search depends Recognition on early decision depends on late processing decision processing Figure 15 . This information flow diagram illustrates the different ways that search and recognition tasks may relate to the processes of perception and memory. (The proposal is that some search tasks are mediated by an early decision process, whereas all recognition tasks require a late decision process.) search do not have these attentional limits because of different memory requirements. For scene perception, these points suggest that searchlike tasks have a great advantage. By avoiding the memory bottleneck, perception of something about many stimuli is possible. If this is the case, an important characterization of different aspects of scene perception is to what extent they require memory. This might be usefully incorporated into computational models of scene perception. These models often attempt a rather complete representation of the visual world. This may be appropriate for searchlike tasks, but the limits of memory suggest that only a more schematic representation of the visual world is accumulated and maintained over time.
These ideas have a particular implication for perceptions that occur over multiple eye fixations. Eye fixations occur over time and thus must require some kind of memory. Consequently, the current results suggest that tasks involving multiple fixations may resemble recognition rather than search. If so, only a limited amount of visual information can be remembered after a fixation to integrate with future fixations. This idea is contrary to that of an integrative visual buffer in which a copy of an imagelike representation is integrated from fixation to fixation (McConkie & Rayner, 1976; Rayner, 1978) . Indeed, the current results join growing evidence that relatively little visual information is integrated across eye movements (e.g., Rayner, McConkie, & Zola, 1980; Sun & Irwin, 1987) . This suggests a theory in which only more abstract codes are integrated from fixation to fixation (e.g., Hochberg, 1968; Rayner et al., 1980; Rock et al., 1972 ).
An initial attempt to measure the memory for a previous fixation can be found in Palmer and Ames (1988) . The measurements use the partial discrimination paradigm in a situation in which observers make a sequence of eye fixations. The initial results are compatible with the memory capacity for information from a previous fixation being similar to the memory capacity measured in the current experiments. In summary, I suggest that the recognition paradigm may be an appropriate way to study the perceptions derived from multiple eye fixations.
Conclusions
The present experiments show that size and shape cannot be perceived and remembered as well for multiple stimuli as they can for a single stimulus. Increasing the number of stimuli from one to four doubles the difference threshold for discriminating these attributes. Evidence from several such set-size experiments disconfirms accounts in which the setsize effect is due to sensory or decision processes and supports accounts in which the effect is due to attention. Thus, although some tasks such as visual search demonstrate great capacity in specialized processing of many stimuli, the recognition task studied here shows that the processing of perception and memory together is sharply limited in its capacity for the precision of visual attributes. This limit on how much visual information is remembered from a brief presentation suggests a similar constraint on how much visual information is remembered from eye fixation to fixation.
